Abstract: Premise of research: The Cenozoic fossil record is crucial for understanding the evolution of the remarkably high diversity of angiosperms. However, the quality and biases of the angiosperm fossil record remain unclear mainly due to the lack of a global database. Methodology: We introduce a new global occurrence-based database for Cenozoic angiosperm macrofossils, the Cenozoic Angiosperm Database. We test the temporal, spatial, and phylogenetic biases of the Cenozoic angiosperm macrofossil record and explore their causes. Pivotal results: The data presented here include 2478 assemblages from all Cenozoic epochs and 1961 sites from all continents, as well as representatives of 221 families (of 445 recognized) and 1859 genera, and show that the Cenozoic angiosperm macrofossil record is extraordinarily rich. However, this rich record is temporally, spatially, and phylogenetically biased: the Miocene is much better sampled than the rest of Cenozoic, the Northern Hemisphere is better sampled than the Southern Hemisphere, and the rosids are better sampled than the rest of the angiosperms. The sampling bias might be caused by collecting effort, geological history, or diverse features of the families, such as growth form and distribution. Conclusions: The Cenozoic macrofossil record of angiosperms is remarkably rich, especially of woody families found in the Northern Hemisphere. Even if there are numerous biases in these data, a judicious use of the database should be highly informative. Editor: Maria von Balthazar
Introduction
Fossils, as direct evidence of past life, have long been used for inferring diversity dynamics (Raup 1972; Sepkoski et al. 1981; Raup and Sepkoski 1982; Fröbisch 2013; Pearson et al. 2013) . However, accurate estimation of past diversity relies on having a reliable fossil record. Paleontologists have long recognized that the fossil record is incomplete and biased by taphonomy, sampling, eustasy, and tectonic processes (Adrain and Westrop 2003) . Therefore, measuring the biases of the existing fossil record and being able to take these biases into account will improve our understanding of past diversity over long timescales (Durham 1967; Benton and Storrs 1994; Benton et al. 2000; Foote et al. 2015) .
Many methods have been proposed to test the quality or completeness of the fossil record. These methods are based on gaps in the stratigraphic ranges of fossil taxa, on hypothetical lineages implied by estimated evolutionary trees, or on estimates of the probability of genus preservation per stratigraphic interval (Maxwell and Benton 1990; Benton and Storrs 1994; Kidwell and Flessa 1995; Foote and Sepkoski 1999; Benton et al. 2000) . Most previous studies have focused on various groups of vertebrates (Benton et al. 2011 ) and insects (Karr and Clapham 2015) . Bias testing on plant fossil records is scarce. Few studies have tested the fossil quality of Phanerozoic vascular plants (Cascales-Miñana et al. 2010; Cascales-Miñana and Diez 2012) , the Paleozoic plant fossil record (Cascales-Miñana 2011) , and gymnosperms (Cascales-Miñana and Cleal 2013) , but specific bias tests have not been applied to angiosperms.
The angiosperms, with a standing diversity of approximately 350,000 species (Paton et al. 2008) , represent by far the largest clade of terrestrial plants. How angiosperms achieved such high diversity has long challenged biologists, but clues may be found in their Cenozoic diversification history. Fossil-based analyses of the patterns of angiosperm evolution for the Cretaceous have led to important insights into the initial disparification and species radiation of the group Crane 1988, 1990; Crane and Lidgard 1989; Lupia et al. 1999) . However, the diversification of angiosperms during the Cenozoic, and the causes of such changes in diversity, remains unclear. Undoubtedly, the spatial and temporal distribution of angiosperm fossils will contribute substantially to our understanding of angiosperm evolutionary history, life habits, and the environments in which they lived and reproduced. Even though thousands of fossil angiosperm species have been described and published, very little is known about the quality, completeness of, and biases in the existing Cenozoic angiosperm fossil record.
Here we present a new global occurrence-based database for the Cenozoic angiosperm macrofossils, the Cenozoic Angiosperm Database (CAD), and discuss its phylogenetic, taxonomic, spatial (by continent), and temporal (by epoch) coverage. We investigate possible spatial biases in the CAD caused by the accessibility of fossil localities, the intensity of study (Northern Hemisphere vs. Southern Hemisphere), and the continental erosional history, as well as phylogenetic biases caused by different preservation rates. We also evaluate the completeness of the Cenozoic angiosperm macrofossil record with the hope that this database will ultimately provide a fresh view of Cenozoic diversity patterns of the angiosperms.
Material and Methods

Data Compilation and Accessibility
The CAD is an occurrence-based database, making it possible to infer absences of taxa from time intervals falling within their age ranges (Lazarus taxa). Second, it makes it possible to calculate the frequency with which taxa are encountered in each time interval (Alroy 2010) . Finally, it is easy to curate, update, and add new occurrences.
The CAD is structured into five relational tables. The Site Table contains geographical information for each fossil assemblage. The Assemblage Geology Table encompasses the information on the name, age, epoch, and stages of the formation and also additional information on the assemblages and the fossil forms (such as leaves, stems, etc.). The Assemblage Taxon Table comprises information specific to each taxon, including identification reliability, nearest living relatives, and growth forms where available. The taxonomy of each genus is presented in the Taxonomy Table, where fossil genera are assigned to higher taxonomic levels such as family, order, and so on, following the APG III system (Angiosperm Phylogeny Group 2009). All references are compiled in the Reference Table. The intention is to include all published angiosperm macrofossils from the Cenozoic. Under macrofossils we include wood, leaf, seed, fruit, flower, inflorescence, and dispersed cuticle fossils. We prioritized macrofossils over microfossils because of better determination of taxonomic position. However, the structure of the CAD will make it easy to incorporate the paleopalynological data. Few Pleistocene records are represented in the CAD, mainly because most Pleistocene angiosperm fossils have been overlooked by paleobotanists, as they are comparable with extant taxa.
The data in the CAD were compiled in two ways: first, by combining data from two existing databases, the Paleobiology Database (http://paleodb.org, accessed June 20, 2011) and the Palaeoflora Database (Utescher and Mosbrugger 2012) , and, second, by manually entering data from the literature published between 1836 and 2014 ( fig. 1 ; appendix, available online). The data from other databases were modified to fit the CAD structure, and, where possible and necessary, the related information was upgraded (e.g., all sites are georeferenced and the taxonomy was upgraded to APG III; Angiosperm Phylogeny Group 2009).
The CAD is freely accessible at http://www.fossil-cad.net, which was registered on March 10, 2015. A user-friendly interface facilitates searches of the database and assists in the download of data. Anyone who wants to contribute data can contact Y. Xing by e-mail.
Fossil Assemblage and Site Data
Assemblages are the basic units in the CAD. In most cases a macrofossil assemblage can be considered the equivalent of 
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INTERNATIONAL JOURNAL OF PLANT SCIENCES a modern community; it is a group of species (fossil occurrences) recorded from a particular time (bed) and place. Within the CAD, the concept of assemblage is the equivalent of a taphoflora sensu Romero (1986) , which is the list of the fossil taxa preserved in a given outcrop. The taxa are representatives of the original flora as modified by taphonomic processes (such as dispersal, burial site, and diagenesis) and taxonomic biases (the presence of diagnostic characteristics on the fossils, level of knowledge of relevant floras, and time constraints on the paleobotanists).
"Site" refers to the geographical location of the assemblage. Each site has unique coordinates that were taken, when available, from the original publication. However, if precise coordinates were not included in the original publication, the coordinates were obtained from Google Earth. In the context of this database, a geological formation can contain several sites, and a site can contain several assemblages with different geological ages. Cenozoic fossil sites are assigned to seven continents or regions: Africa, Antarctica, Asia, Australia/Oceania, Europe, North America, and South America.
We followed the Geologic Time Scale 2012 (Gradstein et al. 2012) , and ages within different geological frameworks were translated to this system. Ages of some assemblages were updated when more accurate determination was available. For example, Gelasian assemblages, now included in the Pleistocene, were considered of Pliocene age in most literature. They were updated into Pleistocene if exact age was available. However, in those particular cases that the Gelasian data cannot be recognized, they were assigned to the Pliocene.
Taxonomic Data
Cenozoic angiosperm data are included in the CAD irrespective of the quality of the identifications. This was done to maximize the number of records of rare species and to avoid arbitrary decisions as to identification accuracy. For most fossil occurrences, only the original identifications are available, and relatively few fossils have been reevaluated by experts. Regrettably, this means that there are many incorrectly determined fossils in the database. Users should consider the identification error in the CAD and apply available methods to reduce this bias. Our use of the APG III (Angiosperm Phylogeny Group 2009) classification to place the fossil taxa within families, orders, and larger groupings means that a putative phylogenetic placement of the fossils is reflected in the CAD.
Tests of Sampling Biases
Sampling bias is a major problem when addressing patterns of taxonomic diversity at all scales, and the plant fossil record may be affected by biases in taxon sampling, preservation, and identification. Consequently, we tested for temporal, continental, phylogenetic, and growth-form sampling biases.
Temporal biases are here understood to be the consequence of the variable duration of the geological epochs. It is evident that more fossil sites are likely to be found from longer time intervals, and these consequently inflate the estimated diversity: we refer to this as the "timescale bias." We used linear regression to test whether the number of fossil sites or assemblages is predicted by the duration of the epochs. We also set up an alternative timescale with part-epochs of more or less equal duration to test whether this removed the timescale bias.
Spatial biases may have two causes. First, continents differ in land area and exposed sedimentary rock. Globally, sedimentary rocks cover approximately 65%-67% of all land surface (Blatt and Jones 1975; Ronov 1982; Amiotte Suchet et al. 2003) . Overall, there is less exposed sedimentary rock in the continents of the Southern Hemisphere (Africa, Antarctica, Oceania, South America) than in the Northern Hemisphere (Asia, Europe, North America; table 1). We used regression analysis to test whether the number of fossil sites and assemblages is predicted by the land and sedimentary area of each continent. As the proportion of exposed sedimentary rocks is unavailable for Antarctica, it is excluded in the latter analysis. Second, paleofloras in the Northern Hemisphere continents have been more intensively studied than paleofloras in the Southern Hemisphere. In order to test whether families currently restricted to the Northern Hemisphere are more likely to be present in the fossil record than families restricted to the Southern Hemisphere, we set a null hypothesis that Northern and Southern Hemisphere families are equally likely to be found in the record. We compared the observed presence in the fossil record against this null with contingency tests (x 2 and Fisher exact tests). The continental distribution of the families was based on the Angiosperm Phylogeny website (http://www.mobot.org/, accessed August 1, 2014), and cosmopolitan families were ignored in this analysis.
Phylogenetic biases may result from different probabilities of preservation through the interaction of anatomy and taphonomy (Kidwell and Holland 2002) . We used two methods to test for phylogenetic bias in the fossil record. First, we asked whether fossilization shows a phylogenetic signal and tested whether the families with fossil record, as compared to families without fossil record, were randomly distributed on a timecalibrated angiosperm family-level phylogeny (Qian and Zhang 2014) . We generated a distribution test by randomizing the presence/absence data 1000 times over the phylogeny and calculating for each the number of evolutionary steps needed to place the data on the tree. We compared this to the observed number of steps. If fossilization is phylogenetically random, then the observed number of steps should lie within 95% of the step number generated from the randomized data. This approach does not take into account variation in branch length or any probability of fossilization (larger family size, many woody species, etc.). In the second analysis, we assigned the number of occurrences in the fossil record for each family to the familylevel tips of the tree and used Blomberg's K, implemented in the "phylosignal" function in the R package "phytools" (Revell 2013) , to test whether observed variance differs significantly from that derived from the given phylogeny under Brownian motion (Blomberg et al. 2003) . There is phylogenetic signal if Blomberg's K is significantly greater than 0.
To disentangle the causes of the taphonomic biases, we tested whether there is support for correlation between the different growth forms (mainly herbaceous vs. mainly woody), distribution areas (Northern Hemisphere, Southern Hemisphere, or both) and distribution ranges (in one to six continents), and presence/absence in the fossil record on the phylogeny. For each potential explanatory variable, we compared an independent (uncorrelated) and dependent (correlated) model using the function DISCRETE in BayesTraits v 2.0 (Pagel and Meade XING ET AL.-CENOZOIC ANGIOSPERM MACROFOSSIL RECORD 2006). We used a reversible jump-Markov chain Monte Carlo model with priors obtained from the hyperprior approach and used an exponential prior seeded from a uniform distribution from the interval value of 0-30. All analyses were run for 5 million generations and replicated five times. The burn-in was 10%, and models and rate parameters were sampled every onehundredth iteration. Difference between the models was assessed by Bayes factors (BFs), in which log BF p 2 # (log[harmonic mean(dependent model)] 2 log[harmonic mean(independent model)], where the harmonic mean is approximated by the harmonic mean of likelihoods averaged from the five runs. The model with the highest harmonic mean of likelihoods is regarded as the better one, and a logarithm BF value of 2-5 is interpreted as positive, 5-10 as strong, and 110 as highly significant (Pagel and Meade 2006) . Support for the dependent model would suggest that the evolutionary transitions from absence to presence (or vice versa) in the fossil record are dependent on the state the other character is in, e.g., woody or herbaceous.
Completeness Tests
The simple completeness metric (SCM) test (Benton 1987) was used to quantify the relative completeness of the Cenozoic angiosperm fossil record. This metric is the ratio of observed fossil occurrences to total inferred fossil occurrences, as illustrated in figure 2. Total inferred fossil occurrences are calculated as observed fossils plus Lazarus taxa (Fara and Benton 2000) . Lazarus taxa are postulated from a time interval without a record of that taxon separated by two or more time intervals. Theoretically, that taxon should also occur in the missing time interval.
In order to reduce the sampling bias per epoch, the Cenozoic was separated into eight time intervals with relatively equal durations (i.e., Paleocene: 65.5-55.8 Ma, 528 assemblages; early Eocene: 55.8-48.6 Ma, 204 assemblages; middle Eocene: 48.6-37.2 Ma, 54 assemblages; late Eocene: 37.2-33.9 Ma, 51 assemblages; Oligocene: 33.9-23.0 Ma, 352 assemblages; early Miocene: 23.0-16.0 Ma, 189 assemblages; middle Miocene: 16.0-11.6 Ma, 308 assemblages; late Miocene-Pleistocene: 11.6-0.1 Ma, 343 assemblages). This analysis included 215 families when assemblages with uncertain ages and taxa with uncertain phylogenetic positions were excluded. The SCM for each family was calculated for each time interval. As the Late Cretaceous data were not included, the SCM of Paleocene could not be assessed. We calculate the SCM of the late Miocene-Pleistocene by comparison between the middle Miocene and the Present. We used linear regression to test whether the SCM of each time interval is predicted by the number of assemblages.
In order to test whether there was a phylogenetic bias in the completeness for the major angiosperm groups (i.e., the basal angiosperms, the magnoliids, the monocots excluding Commelinids, the Commelinids, the rosids, the asterids, and the basal eudicots), we calculated the mean SCM of all families included in each group. The SCM for families not in the fossil record was scored as 0.
Plants with different growth forms and in different habitat have different preservation probabilities (Behrensmeyer and Kidwell 1985; Burnham and Spicer 1986; Greenwood 1991; Spicer 1991) . In order to test whether the completeness is affected by plant growth form and habitat, we coded families into three categories: (a) mostly woody (hereafter "woody"), (b) aquatic (wetland) and mostly herbaceous (hereafter "wetland"), and (c) mostly nonaquatic herbaceous groups (hereafter "herbaceous"). The scoring is based on the abundance of fossil occurrence numbers in the CAD and not on the extant species numbers. For instance, the extant Primulaceae (s.l.) comprise woody and herbaceous species, and most of the herbaceous species are not aquatic. However, the most abundant genus of Primulaceae in the CAD, Lysimachia, containing more than 80% Primulaceae Fig. 2 The simple completeness metric (SCM) and Lazarus taxa. Left, the stratigraphic ranges of four taxa (a-d) within six stratigraphic units (1-6). Solid lines indicate the presence of the taxa, and dotted lines represent their absence, illustrating the Lazarus effect. Right, calculation of the SCM, the ratio between the number of Lazarus units and the total number of units. The units can be either stratigraphic intervals (rows) or taxonomic groups (columns; after Fara and Benton 2000) . occurrences, mainly occurs in wetlands, and, therefore, Primulaceae was scored as wetland. We calculated the occurrence number to check whether some growth forms are undersampled. The mean completeness for woody, wetland, and herbaceous groups at family level was calculated.
Results
Statistics of the CAD
As of March 5, 2015, the CAD contained data from 2478 assemblages representing 1961 sites ( fig. 4; table 1 ). In total, this includes 49,965 Cenozoic angiosperm occurrences, of which 40,799 have been assigned at least to family level. The remaining taxa are incertae sedis, or taxa such as Carpolithes. For the Cenozoic, 220 angiosperm families, 1859 genera, and 9747 species are recorded, of which all families and 1172 genera (63%) are extant; 4495 species, belonging to 909 genera and 45 families, appear only once in the CAD. Fig. 4 Phylogenetic distribution of the Cenozoic angiosperm fossil record at family level and their habits, distribution area (hemisphere), and ranges (number of continents). The family-level phylogenetic tree is based on phylogeny of Qian and Zhang (2014) . Numbers in circles indicate where subsets of the phylogenetic tree are connected. 
Sampling Bias in the CAD
The numbers of fossil sites and assemblages vary substantially among the continents and between the epochs (table 1; fig. 3B-3F fig. 3B-3F ). There is no significant relationship between the number of sites and the number of assemblages and duration of the epoch (table 2; site number vs. duration: R 2 p 0.26, P p 0.38; assemblage number vs. duration: R 2 p 0.30, P p 0.34). Inspection of the data shows that the Paleocene and the Miocene are better sampled than the other three epochs.
The numbers of fossil sites and assemblages vary substantially among the continents (table 1). The Northern Hemisphere continents (i.e., Asia, Europe, and North America) have many more fossil sites and assemblages than the Southern Hemisphere continents (i.e., Africa, Antarctica, Oceania, and South America; site difference: t p 3.56, P p 0.007; assemblage difference: t p 3.43, P p 0.009). There is no significant relationship between the number of fossil sites and assemblages and the areas of continents and exposed sedimentary rocks (R 2 p 0.25-0.3; table 2).
The probability of a family being present in the fossil record is strongly predicted by the modern distribution of the family (R 2 p 0.91, P ! 0.01; x 2 p 51.0, df p 5, P ! 0.01), such that families now restricted to the Northern Hemisphere are significantly more likely to be in the fossil record than families currently restricted to the Southern Hemisphere (Fisher exact test, P ! 0.01).
Of the 60 accepted angiosperm orders, 51 have at least one macrofossil record in the Cenozoic. The exceptions are Amborellales, Chloranthales, Acorales, Gunnerales, Picramniales, Berberidopsidales, Escalloniales, and Bruniales, which are all small and include only one to three extant families. At family level, only 221 of the current 445 families are represented in the fossil record ( fig. 4; table 3 ). More than half of the families of the magnoliids, commelinids, and rosids are represented in the fossil record, whereas fewer than half of the families of the basal angiosperms, asterids, monocots (excluding commelinids), and eudicots (excluding rosids and asterids) are present in the fossil record ( fig. 4) .
Fossil record abundance varies between different growth forms and habitats. The mainly woody families, having nearly 30,000 occurrences, are more abundant than the herbaceous families, which have nearly 12,000 occurrences. Among the herbaceous families, families occurring in the wet habitat have more fossil records (ca. 9000 occurrences) than families in relatively dry habitats (ca. 2500 occurrences; fig. 5 ). Eight woody families have more than 1000 fossil records in the CAD, namely, the Betulaceae, Rosaceae, Lauraceae, Lythraceae, Fagaceae, Fabaceae, Juglandaceae, and Salicaceae (table 3) . Among the herbaceous families, the Cyperaceae have the most abundant fossil record, usually preserved as fossil seeds. Aquatic herbaceous families such as the Typhaceae, Potamogetonaceae, and Nymphaeaceae also have relatively good fossil record (table 3) .
Tests for phylogenetic signal indicate that the fossil record is phylogenetically constrained across the family-level phylogeny. Using the presence/absence data, the observed number of steps (119 steps) is significantly lower than the 95% bounds for step number after randomizing the terminal taxa (128-157 steps). Using the fossil abundance data (table 3), Blomberg's K is significantly larger than 0 (0.906; P ! 0.001).
There is a significant evolutionary correlation between presence in the fossil record and continental distribution range, distribution on Northern/Southern Hemisphere, and woody/herbaceous habit (table 4). The maximum likelihood parameter estimates suggest that the evolutionary transition from "no fossil record" to "with fossil record" is 0.99 if lineages are inferred to be woody, versus 0.01 when they are herbaceous; 0.7 if they occur in the Northern Hemisphere, versus 0.41 in the Southern Hemisphere; and 0.46 if they occur on one continent, versus 0.51 if they occur on more than one continent. However, the latter are more striking when comparing occurrence on two or fewer continents versus more than two continents (transition to fossilization 0.45 on two continents vs. 1.5 when on more than two continents) or occurrence on three or fewer continents versus more than three continents (transition to fossilization 0.29 on three or fewer continents vs. 1.58 on more than three continents).
Completeness Test
The mean family-level SCM for the seven time intervals (early Eocene, middle Eocene, late Eocene, Oligocene, early Miocene, middle Miocene, late Miocene-Pleistocene) varies between 65% and 90% ( fig. 6A) , with the highest values for the Oligocene and the lowest for the middle and late Eocene ( fig. 6A ). Linear regression indicates that the SCM is significantly positively correlated with the number of assemblages for each time interval (R 2 p 0.94, P ! 0.01).
The mean SCM for the seven large angiosperm groups is between 30% and 50% ( fig. 6B ). The rosids have the highest SCM values at family level, followed by the asterids, the commelinids, the magnoliids, and the eudicots (excluding rosids and asterids). The basal angiosperm and the monocots (excluding commelinids) have the lowest value for the SCM at 30% (fig. 6B) .
The mean SCM for angiosperms from different habitats varies between 60% and 75%. The wetland herbaceous have the highest completeness (0.73), followed by the woody angiosperms (0.7) and nonaquatic herbaceous (0.62; fig. 5 ).
Discussion
As previously mentioned, the Cenozoic angiosperm fossil record is rich, and our results indicate that it could be used to obtain estimates of changes in angiosperm diversity through time, at least at generic and family levels. Nevertheless, our results show significant biases as well in the CAD, possibly also in Cenozoic paleobotany as a whole. The most obvious one is the interaction of time and continent: during some epochs, certain 000 continents have a rich record, while others are well represented during other epochs. Africa is generally poorly represented. There is also a phylogenetic bias. More than half of the families of the magnoliids, commelinids, and rosids are represented in the fossil record, whereas fewer than half of the families of the other basal angiosperms, the monocots (excluding commelinids) and eudicots (excluding rosids), are represented, even though collectively these latter clades are more species rich than the former group of clades. Furthermore, the angiosperm macrofossil record is biased by the growth form, habitat, and distribution of the families. Widespread families and families occurring in the Northern Hemisphere and in wet habitat are more likely to be collected and identified. Rosids have the most abundant fossil record, followed by the magnoliids and the basal angiosperms, in order of the number of occurrences. Incorrect identification is a persistent problem, but we currently have no indication how extensive it is. These biases should be taken into account when using the CAD.
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Comparing with the Paleobiology Database (PaleoDB)
Currently, the PaleoDB is the most popular paleontological database, and it has a very complicated structure that allows it to include more comprehensive information. Compared with the PaleoDB, the CAD has a much simpler structure and is a more easily used interface. Besides this, it differs from the PaleoDB in several features: (1) the CAD is an assemblage-based database, while the PaleoDB is a collection-based database (in the PaleoDB, one assemblage could have several collections made by different groups); (2) the CAD includes several features not represented in the PaleoDB, such as the nearest living relatives, growth form of the fossil taxa, and so on; (3) the CAD uses the most recent classification for angiosperms, the APG III (Angiosperm Phylogeny Group 2009), while the PaleoDB uses the Cronquist system (Cronquist 1968); (4) the CAD has much better coverage for Africa, Asia, and Australia, while most of angiosperm fossil data in the PaleoDB come from North America and Europe.
Timescale Biases
Most approaches estimate the variation of species richness through time by counting taxa sampled in different time intervals (see reviews in Alroy 2010). For instance, Niklas and colleagues (Niklas et al. 1983; Niklas 1988; Niklas and Tiffney 1994) reconstructed the past diversity of the plants since the Upper Silurian using 29 geologic time intervals with significantly Lloyd and Friedman 2013; Xing et al. 2014 ). Therefore, we recommend that equal-length time intervals should be used in diversity estimation or some corrections used to minimize any such sampling bias. Continental biases. Sampling density varies among the continents. This bias has been documented for other organisms such as the Cretaceous tetrapods ). This sampling bias is not accounted for by the continental size and exposed sedimentary rocks (table 2) . Three factors may contribute to this bias.
1. Collecting effort. Paleobotanical studies have a much longer history in Europe and North America than in the Southern Hemisphere, and there are many more active paleobotanists in these northern countries than in the southern countries. The paleobotanical investigation of South America, Antarctica, and Oceania started only after the arrival of early explorers such as Darwin (Darwin and Bettany 1890) and Engelhardt (Engelhardt and Ochsenius 1891), who gathered fossils in early time (Nordenskjöld et al. 1905) . In Australia, fossil sites are mostly along the southeast coast and in Tasmania and are almost absent from the central and northern parts. These areas are vast (two-thirds of Australia) and have very low population densities; consequently, low sampling effort may contribute to the paucity of documented fossil deposits. The lack of local paleobotanists may also account for the few paleobotanical studies in Southeast Asia, Mongolia, and Africa. Hopefully, current exploration will fill some of these gaps (Jacobs et al. 2010) .
2. Geological history. Although Europe has abundant fossil sites, Paleocene and Eocene sites are much less common than in North America and Asia. This may be because large areas of the European platform were covered by epicontinental seas during the Paleogene, with continentalization increasing from the early Oligocene (Rögl 1999) . By contrast, Neogene fossil sites are much less common in North America compared to Eurasia. This may be due to an expansion of grassland and sclerophyll vegetation, which are less likely to be preserved as macrofossils (Axelrod 1975; Retallack 1997) . In the Southern Hemisphere, central and southern Africa were strongly influenced by mantle plumes (Storey 1995) , which resulted in extensive uplift and doming and the formation of narrow coastal plains (Chorowicz 2005; De Wit 2007) . Consequently, there is limited Cenozoic onshore sedimentation, contrasting with the massive Jurassic and Permian Karoo deposits. East African doming was followed by rifting and other igneous processes creating depositional basins, but because of seasonally dry climates and oxidation of sediments, these were mostly good for bone preservation and poor for organic matter. Geologically, the central and northern regions of Australia are less favorable for fossils because the landscape is very old, flat, and without volcanism and any significant tectonic activity during the Cenozoic (Veevers and Conaghan 1984; Raymond et al. 2007) . As a result, there were few lakes formed by lava flows, landslips, faulting, and volcanic eruptions. Moreover, it is possible that relatively large areas of central and northern Australia were too dry for fossilization during much of the Cenozoic (Carpenter et al. 2014) . The poor fossil record of Antarctica is due mainly to the presence of a permanent ice sheet since the Miocene (Zachos et al. 2001) .
3. Current geography. Much of the surface area of South America is covered by dense forests (Amazonia) or is in terrain that is difficult to access (Andes), leaving relatively few areas of accessible exposed sediment. Most potential areas are in Patagonia, where desert landforms and extensive sedimentary rocks crop out. Dense forests may also limit fossil collection in southeast Asia and the African Congo basin. The desert re- Note. The harmonic mean averaged over five independent runs is indicated. BF p Bayes factor. Log BF of 2-5 is interpreted as positive, 5-10 as strong, and 110 as highly significant support for the dependent model. gions such as central Australia, the African Sahara, and the Asian Gobi region have been subject to very deep weathering that may have destroyed many organic fossil deposits.
Phylogenetic Biases and Completeness
The phylogenetic bias of Cenozoic angiosperm fossil records is dependent on the taxonomic scale. There is no evident phylogenetic bias at the ordinal level, with most orders being represented in the fossil record. However, there is a strong phylogenetic bias at the family level. The families of the rosids have a better fossil record than the remainder of the angiosperms ( fig. 4; table 3 ).
The causes of the phylogenetic biases may be complex (Behrensmeyer 1984; Kidwell and Flessa 1995; Kidwell and Holland 2002) . Clearly, different types of organisms have different preservation potential (Tegelaar et al. 1989; Briggs 2003) . In angiosperms, this applies primarily to different growth forms. Compared to woody species, herbaceous species have less lignin and consequently have a lower preservation potential. Also, the leaves of trees are more abundant, and transport from the plant to a site of deposition is more likely, whereas herbs tend to be preserved in autochthonous settings. Our data demonstrate that woody families (such as are very common in the rosids) are much better represented than herbaceous taxa (which are more common in the monocots and asterids; table 3; fig. 4 ). It is evident that herbaceous families in wet habitats are better represented than families in dry habitats. Also, widespread families have a better chance to be preserved in the fossil record, as do families occurring in the Northern Hemisphere. The phylogenetic correlation between occurrence in the fossil record and hemisphere, distribution range, and woodiness shows that these variables account for the phylogenetic signal in fossilization. Intrinsic as well as extrinsic characteristics of angiosperm families have affected preservation probability, and these characteristics are phylogenetically conserved. However, it is worth noting that clades with poor macrofossil record, such as the asterids and monocots, might have abundant microfossil record (Muller 1981) . Benton and Storrs (1994) regarded a completeness value of !10% as poor and 190% as excellent. The completeness for most of the time intervals during the Cenozoic is relatively good if only families with fossil records are considered. It is evident that the completeness of each time interval is positively correlated with the sampling density. The poorly sampled middle to late Eocene needs more attention in future paleobotanical studies. The completeness of angiosperm fossil record is also biased toward dry habitats. Almost no macrofossil record has been found for desert plants. As the Cenozoic angiosperm fossil record is phylogenetically biased, the mean completeness for seven main groups is rather low when families without fossil record are included. The completeness bias for different groups should be considered in future paleodiversity estimation.
Identification Error and Evaluation of Fossils
The study of the fossil record also needs to allow for potential identification error (Crepet 2008; Gandolfo et al. 2008) . Determination of fossil species based on fragmentary organs is difficult. Before the 1980s, most fossil remains from Cenozoic sediments were described based on the premise that there is a unique most similar extant species for every given fossil (Wolfe 1973) . This technique produced many fossil misidentifications, as well as a high proportion of incorrect taxonomic placements (Dilcher 1973; Gandolfo et al. 2008 ). However, we have no test to indicate the extent of identification error in the CAD. There are two indications of potential problems: (1) nearly 11% of all angiosperm occurrences appear only once in the CAD, which may reflect identification error, and (2) the CAD includes some families (e.g., Aizoaceae, Orobanchaceae, and Crassulaceae) that were thought not to have a confirmed macrofossil record.
Reevaluation of identifications of all records in the CAD is not a trivial task. Here, we propose two options to improve the accuracy of identifications or reduce identification bias. The first option is the ongoing process of critical taxonomic investigation of particular groups by experts, especially of potential problem taxa. Simply ignoring potential problem taxa may miss important information. Such focused critical investigations have been applied to several important critical taxa such as the Asteridae (Martínez-Millán 2010), Casuarinaceae (Zamaloa et al. 2006) , Ericaceae subfamily Styphelioideae (Jordan and Hill 1996) , Eucalyptus (Hermsen et al. 2012) , fin-winged fruit fossils (Manchester and O'Leary 2010), Malvaceae (Worobiec et al. 2010) , Menispermaceae (Jacques et al. 2007 ), Proteaceae (Carpenter 2012) , and Rubiaceae (Graham 2009 ). More critical investigations of potentially misidentified taxa are encouraged in the future. An alternative option is working at several taxonomic levels, especially in studies such as paleodiversity and diversification rate estimations (Raup 1972; Niklas and Tiffney 1994) to get cross validation.
In addition to identification errors, special rules for names of fossils might be another source of bias in paleodiversity estimation. Due to the fragmentation of fossil preservation, fossils of particular parts, life-history stages, or preservational states were usually given different names (morphotaxa) even though they belong to the same organism (McNeill and Turland 2011) . This bias should also be considered in future diversity estimations. One realistic solution to this problem is to use only the fossil taxa from one plant part per particular plant group, as suggested by Cleal et al. (2012) .
Conclusion
The Cenozoic macrofossil record of angiosperms is remarkably rich, especially that of woody families found in the Northern Hemisphere. As in any fossil record, there are numerous biases in these data. However, a global comparison of the fossil record reveals where the biases are, spatially, temporally, and phylogenetically. Even if incorrect identifications are rampant, this database would serve as a useful tool for researchers working on the history of particular groups because they could then easily track references, evaluate the fossils, and update the identifications. Consequently, a judicious use of the database should be highly informative.
